The field of RNA nanotechnology has developed rapidly over the last decade, as more elaborate RNA nanoarchitectures and therapeutic RNA nanoparticles have been constructed, and their applications have been extensively explored. Now it is time to offer different levels of RNA construction methods for both the beginners and the experienced researchers or enterprisers. The first and second parts of this article will provide instructions on basic and simple methods for the assembly and characterization of RNA nanoparticles, mainly based on the pRNA three-way junction (pRNA-3WJ) of phi29 DNA packaging motor. The third part of this article will focus on specific methods for the construction of more sophisticated multivalent RNA nanoparticles for therapeutic applications. In these parts, some simple protocols are provided to facilitate the initiation of the RNA nanoparticle construction in labs new to the field of RNA nanotechnology. This article is intended to serve as a general reference aimed at both apprentices and senior scientists for their future design, construction and characterization of RNA nanoparticles based on the pRNA-3WJ of phi29 DNA packaging motor.
Introduction
Nanotechnology involves the study, engineering, and application of nanoscale materials across a wide range of scientific fields that include chemistry, biology, biophysics, materials sciences, and biomedical sciences. With defined structures and features, biomolecules such as proteins, peptides, lipids, DNA, and RNA can serve as natural building blocks for constructing nanomaterials from the bottom-up [1] . Among these molecules, RNA is an attractive candidate, since it can be manipulated at a similar level of simplicity as DNA, while possessing the versatility of different structures, functions, and biological activities like proteins [2] . RNA nanotechnology is conceptualized as the bottom-up selfassembly of nanometer scale RNA architectures, with their major frame composed of RNA [2, 3] . The scaffolds, ligands, therapeutics, and regulators of RNA nanoparticles can be made up of only RNA or a hybrid of RNA with other chemicals. The field of RNA nanotechnology can be traced back to the first construction of RNA nanoparticles from the re-engineered phi29 packaging RNA (pRNA) molecules in 1998 [4] . The pRNA molecules were originally derived from bacteriophage phi29 DNA packaging motor [5, 6] . They contain two interlocking loops that enable the formation of dimers, trimers, hexamers, and patterned superstructures via intermolecular interactions [7, 8] . Unlike conventional RNA biology, which mainly studies RNA structures and functions, RNA nanotechnology is a unique field that focuses on the construction and application of RNA nanomaterials.
Two major approaches have been used for the construction of RNA nanoparticles. The first approach is the sequence-dependent self-folding of RNA nanoarchitectures, based on computational algorithms and prediction of secondary or tertiary structures [9, 10] . The second approach employs the naturally-occurring RNA motifs as core building blocks, such as three-way junction, four-way junction, and kissing loops, to assemble RNA nanoparticles [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Particularly, the pRNA three-way junction (pRNA-3WJ) has been extensively used as a central core for the construction of multifunctional RNA nanoparticles [12, 16, [23] [24] [25] [26] [27] [28] . The branched feature of the 3WJ motif allows different functional modules to be conveniently incorporated to the three helical regions, making it an ideal scaffold for targeted drug delivery. This multivalent property suggests that pRNA-3WJ nanoparticles have enormous potential for therapeutic, imaging and diagnostic applications.
Over the past decade, the hurdle of enzymatic instability of native RNA has been overcome by various chemical modifications such as 2 0 -fluoro (2 0 -F) [29] [30] [31] [32] [33] [34] , and the concern of thermodynamic instability has been addressed by the utilization of naturallyoccurring highly stable RNA motifs such as pRNA-3WJ [12] . As a result, the field of RNA nanotechnology has seen significant advances in biomedical applications, as evidenced by a substantial increase of publications on RNA nanostructures. Compared to many other well-developed nano-delivery systems, such as liposomes and polymers, RNA nanotechnology is relatively new, with unique features and various advantages [2] . For example, the fundamental rule for RNA nanoparticle self-assembly relies on basepairing, while many other synthetic nanoparticles are formed by covalent polymerization and hydrophobic interactions [35, 36] . In addition, RNA nanoparticles are assembled spontaneously using highly programmable and predictable building blocks in a predefined manner that is very different from traditional routes. The construction of functional RNA nanoparticles integrates the knowledge of RNA chemistry, RNA biology, and computational approaches. Although the history and progress of RNA nanotechnology have been well-reviewed [2, 3, 11, 37, 38] , only few literatures summarized the methods for constructing and characterizing RNA nanoparticles [39, 40] . Here, by using pRNA-3WJ platform as a model, we seek to summarize the most general methods for constructing and characterizing both simple, and relatively sophisticated multifunctional RNA nanoparticles for therapeutic, imaging, and diagnostic applications. For other types of RNA nanoparticles using different nanoscaffold designs, reader can refer to a previous protocol [40] . The goal of this article is to foster the interdisciplinary research, and to encourage greater participation of new investigators into the field of RNA nanotechnology.
Methods for in vitro synthesis of RNA
RNA nanoparticles are typically constructed from several single-stranded RNA (ssRNA) fragments shorter than 100-nucleotides (nt). These RNA strands can be synthesized either enzymatically or chemically, depending on the length of the RNA strands and the types of chemical modifications or labeling. This section mainly introduces the most common methods for the in vitro synthesis of RNA.
Production and purification of DNA templates
The common enzymatic approaches of in vitro RNA synthesis include SP6, T7, and T3 RNA transcription that require highly purified DNA templates with distinct promoter sequences. This article will mainly focus on the T7 RNA transcription. Prior to transcription, DNA template containing the T7 promoter (5 0 -TAATACGACT CACTATA-3 0 ) at the 5 0 -end can be obtained via standard polymerase chain reaction (PCR) using a pair of DNA primers, or directly annealed from two complementary oligonucleotides. The first two nucleotides after the T7 promoter should be GG, as these are preferred by T7 RNA polymerase. To ensure the high quality of RNA product, the DNA template must be of high purity. Therefore, the DNA template should be carefully purified to remove free nucleotides, salts, and any byproducts by commercially available gel extraction kits or spin columns (e.g. QIAEX II Gel Extraction Kit; Ambion NucAway spin column), or by electro-separation system. Particularly, the electro-separation system consists of an electrophoresis chamber and sample traps, driving the DNA samples to migrate out of the gel slices and retain in membrane traps under the driving force of electric field (Fig. 1 In vitro T7 transcription is a standard method of synthesizing RNA molecules longer than 20-nt using a purified T7 RNA polymerase. This method can produce up to several milligrams of RNA with high quality. The purified DNA templates can be used in the commercially available or homemade T7 transcription kit to synthesize RNA [39, [41] [42] [43] . A minimum of 0.5 mg of DNA template is required per 50 ml transcription. A typical T7 RNA transcription setup can be found in Table 1 , and a specific procedure is described below. [44] . Compared to the normal transcription in Section 2.2, the in vitro 2 0 -F RNA transcription requires a higher input of purified DNA template, an optimized 2 0 -F transcription buffer, and an extended reaction time (6-12 h) to ensure sufficient yield (Table 2) , because the Y639F mutant T7 RNA polymerase has a lower efficiency of incorporating ribonucleotides. It is generally recommended that over 2.5 lg of purified DNA templates are used for a 50 ll transcription reaction. After treatment with RNase-free DNase I, the 2 0 -F RNA transcripts must be purified by polyacrylamide gel electrophoresis (PAGE) or electro-separation system using the same procedure described in Section 2.2.
Solid-phase chemical synthesis of short RNA by phosphoramidite chemistry
Solid-phase synthesis via standard phosphoramidite chemistry is a universal method for large scale production of short RNA oligonucleotides (<80-nt). The phosphoramidites are commercially available nucleoside derivatives with protecting groups. Notably, this technique allows the incorporation of various chemical modifications or labels to RNA oligonucleotides for different applications [45] . Opposite to enzymatic RNA synthesis, the solid-phase chemical synthesis proceeds in the 3 0 ? 5 0 direction. It begins with the first phosphoramidite linked to controlled pore glass (CPG) beads as the 3 0 -end, followed by a series of successive reactions (detritylation, coupling, oxidation, and capping) to elongate the RNA strand by adding phosphoramidites based on the input sequence [46] . These reactions will continuously run in cycles until the last 5 0 -end nucleotide is attached. Next, the protecting groups at each base are cleaved by treatment with ammonia, and the synthesized RNA strand will be cleaved from the CPG simultaneously. The 2 0 -protecting group will then be removed by treatment with triethylamine trihydrofluoride (TEA.3HF) to yield a final RNA product. During synthesis, chemically-modified phosphoramidites such as 2 0 -F modified nucleotides or locked nucleic acid (LNA) can be incorporated into the RNA strand, and functional groups such as amine (ANH 2 ), alkyne (AC"CH), thiol (ASH), biotin, or fluorophores can be incorporated at the 5 0 -, 3 0 -end, or other specific site within the sequence. After synthesis, the RNA products should be purified by a desalting column to remove free nucleotides and salts. High-performance liquid chromatography (HPLC) or denaturing PAGE is recommended to yield RNA products with higher purity.
3. Fundamental methods for the construction and characterization of simple pRNA-3WJ nanoparticles
Construction of pRNA-3WJ with high efficiency by bottom-up selfassembly
The pRNA-3WJ motif was derived from the central domain of the natural pRNA of bacteriophage phi29 ( Fig. 2A) [12, 47] . It can be constructed from three short ssRNA fragments (3WJ-a, 3WJ-b, and 3WJ-c) with unusually high efficiency by a bottom-up selfassembly approach (Fig. 2B) . Briefly, these three fragments are mixed together at equal molar concentration in TMS buffer (50 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl 2 ), followed by heating to 85°C for 5 min and slowly cooled over 40 min to 4°C on a Thermal Cycler. It has been reported that the three separate strands co-assemble into pRNA-3WJ via a two-step mechanism, 3 WJ-b + 3WJ-c M 3WJ-bc + 3WJ-a M 3WJ-abc [48] . The first step between 3WJ-b and 3WJ-c is highly dynamic since these two fragments only contain 8 complementary base pairs. Upon the second association with 3WJ-a, which contains 17 complementary base pairs to the 3WJ-bc dimer complex, the unstable dimer was locked into a highly stable 3WJ. Generally, this assembly process is highly efficient even in the absence of Mg 2+ , as long as the three RNA fragments are mixed at equal molar ratio.
Purification and gel assay of pRNA-3WJ nanoparticles
The assembled pRNA-3WJ nanoparticles are generally purified on 12% native PAGE at 120 V for 2 h in TBM running buffer (89 mM Tris, 200 mM borate acid, and 5 mM MgCl 2 ) at 4°C. The major band of pRNA-3WJ samples is then excised from the gel under UV light (254 nm), and two elution approaches (see Section 2.2) can be applied to recover the pRNA-3WJ samples. However, the RNA elution buffer should be supplied with 10 mM Mg 2+ , if the assembly of RNA nanoparticles requires Mg 2+ . After precipitation, the pellet should be dried and dissolved in 0.05% DEPC-treated water or TMS buffer. The purity of pRNA-3WJ can be confirmed by performing a step-wise assembly of pRNA-3WJ monomers (3WJ-a, 3WJ-b, or 3WJ-c), dimers (3WJ-a + 3WJ-b, 3WJ-b + 3WJ-c, or 3WJ-a + 3WJ-c), and pRNA-3WJ trimer (3WJ-a + 3WJ-b + 3WJ-c) on a native PAGE, while the unpurified pRNA-3WJ nanoparticle can be used as control for comparison. Approximate 200 ng RNA nanoparticles in gel can be greatly stained by ethidium bromide (EtBr), and visualized on a common gel imaging system.
Evaluation of the thermodynamic stability of the resulting RNA nanoparticles
The pRNA-3WJ scaffold was demonstrated to be highly thermodynamically stable, as evidenced by its high melting temperatures (T m ), resistance to denaturation at high urea concentration, and its ability to remain intact at ultra-low concentrations (picomolar) [12] . The thermodynamic parameters of pRNA-3WJs composed of different types of oligonucleotides (DNA, RNA, and 2 0 -F RNA) have been studied previously [49] . It was found that the formation of 3WJ RNA displays the least favorable enthalpy change (DH) but the most favorable entropy change (DS), as compared to 3WJ DNA and 3WJ 2 0 -F . The Gibbs free energy (DG) of 3WJ RNA formation, however, was higher than 3WJ DNA but lower than 3WJ 2 0 -F . This comparison indicated a mechanism of entropy-driven assembly of pRNA-3WJ. The thermodynamic parameters for pRNA-3WJs were typically obtained from a Van't Hoff curve by plotting the T m versus the concentrations of the assembled pRNA-3WJs. There are two independent methods for the accurate measurements of T m values of pRNA-3WJ, namely, temperature-gradient gel electrophoresis (TGGE) and quantitative real-time PCR (rtPCR). TGGE (Biometra GmbH) applies a linearly increasing temperature gradient perpendicular to the electrical current on a polyacrylamide gel. As a result, each separate lane of RNA sample will be subjected to heating at a gradually-increased temperature across the gel, driving the nanoparticles to undergo a transition from the assembled to denatured conformation [50] (Fig. 2C) . Sample in each lane is then quantitatively analyzed to generate a melting curve, and the T m is defined as the specific temperature when 50% of the RNA samples are dissociated [49] . Normally, the increasing temperature gradient will result in the swelling of gel pores, leading to the gradual increasing migration rate of the RNA nanoparticles. The dissociation of RNA nanoparticles can be visualized by a relatively sharp transition of the band migration. A specific procedure is described below. 
Real-time PCR for T m measurement
Real-time PCR provides another technique for T m measurement of RNA nanoparticles (Fig. 2D) . It is especially favorable for highthroughput T m screening of nucleic acid samples. Up to 96 samples can be measured simultaneously within 1 h. A specific procedure is described below.
(i) 18 ml of purified pRNA-3WJ samples are mixed well with 2 ml 10 Â SYBR Green II. Generally, the final concentration of pRNA-3WJ can be 1-10 mM. It has been well-confirmed that the two methods discussed above have a high degree of consistency for T m measurements of 3WJ DNA , 3WJ RNA , and 3WJ 2 0 -F [49] . However, the real-time PCR method relies heavily on dye intercalation into base pairs, and may not be suitable for other highly chemically-modified oligonucleotide samples due to the decreased intercalation rate and efficiency. It's always recommended to use more than one method to confirm the T m measurements.
Enhanced enzymatic stability of pRNA-3WJ by chemical modifications
Natural RNA molecules are susceptible to RNase-mediated degradation, extremely limiting their usefulness for in vivo applications. Over the past years, many chemical modification studies aiming to improve the enzymatic stability and the in vivo properties of RNA have been reported [29] [30] [31] [32] [33] [34] 52] . The common modifications include the modification of phosphodiester backbone, substitution of 2 0 -OH group, base modification, and ribose modification [38, [52] [53] [54] . Particularly, 2 0 -F modification has been widely used to construct RNase-resistant pRNA-3WJ nanoparticles [12, 16, [23] [24] [25] [26] [27] [28] 54] . This modification typically replaces the 2 0 -OH group of cytidines (C) and uridines (U) with a 2 0 -fluoro, without affecting the authentic folding and assembly of the pRNA-3WJ [12] . The enhanced enzymatic stability of 2 0 -F RNA nanoparticles can be greatly evaluated by a serum stability assay [12, 51, 55] , where 2 0 -F RNA nanoparticles are incubated with 10-50% fetal bovine serum at 37°C to mimic an in vivo environment for different time points (Fig. 2E) . The resulting nanoparticles are run in native PAGE, and the percentage of intact nanoparticles can be quantitatively analyzed to generate a degradation curve. It was found that 2 0 -F modification further enhanced the thermodynamic stability of RNA nanoparticles [49, 51] . Another advantage of 2 0 -F RNA is that it can be readily created by either in vitro transcription or solid-phase chemical synthesis (see Section 2). The in vitro 2 0 -F transcription enables the production of long strands of 2 0 -F RNA. In addition, LNA modification on C and U can dramatically improve the half-life of RNA molecules in vivo [51] . The recent progress of chemical modifications has considerably facilitated the in vivo applications of RNA nanotechnology.
High mechanical stability of pRNA-3WJ due to Mg clamps
The pRNA-3WJ structure has been recently reported to be a novel mechanically anisotropic structure and shows potential applications in biomaterials. Single-molecule atomic force microscopy (AFM) can be used to investigate the mechanical property of pRNA-3WJ [47, 56, 57] . To study this mechanical stability, pRNA-3WJ was modified with amine groups at 5 0 -and 3 0 -end of different helical arms, and linked to the cantilever tip and substrate via two bi-functionalized PEG linkers [N-hydroxyl succinimide (NHS)-PEG-NHS], respectively. AFM pulling experiment was performed by retracting the cantilever tip at a constant velocity that gradually unfolded the pRNA-3WJ structure at a defined pulling direction. In the same way, amine groups can be modified at other helical arms to establish different pulling directions. The force spectroscopy curves were recorded to reveal the mechanical property of pRNA-3WJ. It was found that pRNA-3WJ structure displays strong resistance to stretching along its coaxial helices. In the presence of Mg 2+ , pRNA-3WJ could resist the rupture force of about 219 pN along the H1-H3 coaxial direction. This robust resistance is comparable to some mechanically strong elastomeric proteins such as titin immunoglobulin domain. In the absence of Mg 2+ , pRNA-3WJ exhibited weaker resistance to rupture forces along all directions, demonstrating a mechanism of Mg 2+ -dependent mechanical property. This Mg 2+ -dependent mechanical anisotropy is attributed to two Mg clamps between the phosphates of G23 and A90 as well as C24 and A89 ( Fig. 2A) . These two Mg clamps resist coaxial stretching in a cooperative manner and contribute to the extraordinary mechanical stability of pRNA-3WJ, making it a robust scaffold for constructing more sophisticated RNA nanoparticles.
Evaluation of size and shape of pRNA-3WJ nanoparticles
Size and shape are important parameters to evaluate the structural property of RNA nanoparticles. AFM has been developed as a powerful tool for the structural characterization of nanoparticles. The high resolution and compatible sample examination conditions make it suitable for RNA nanostructures [12, 17, [58] [59] [60] . To clearly visualize the branched structure of the pRNA-3WJ, three helical arms were extended with a 60 or 58 base pairs RNA helix [23, 24] . After purification by PAGE, the size and shape of the extended pRNA-3WJ can be observed by AFM (Fig. 2F) . While AFM is more favorable for analyzing the surface morphology of RNA nanoparticles, cryo-electron microscopy (cryo-EM) is another powerful technique to characterize their three-dimensional features [60, 61] . In addition, dynamic light scattering (DLS) is useful to evaluate the size of pRNA-3WJ nanoparticles through the assessment of average hydrodynamic diameter (Fig. 2G) . As alternatives, gel electrophoresis, including agarose gel and polyacrylamide gel, can be conveniently used to characterize the step-wise formation of RNA nanoparticles [12, 49] . The combination of gel electrophoresis, DLS, AFM, and cryo-EM creates a general characterization system to evaluate the size and shape properties of RNA nanoparticles.
Specific methods for the construction of sophisticated pRNA-3WJ nanoparticles with various functionalities

Incorporation of functional modules to pRNA-3WJ scaffold
Apart from the high enzymatic and thermal stability, the multivalent nature is another favorable attribute of pRNA-3WJ nanoparticles. The pRNA-3WJ can be functionalized simultaneously with different modules to achieve synergistic effects. Generally, in order to construct multifunctional pRNA-3WJ nanoparticles, the types of functional modules and functionalities need to be well defined, and the global structure needs to be established before the RNA synthesis and construction (Fig. 3) . The common functional modules include targeting ligands (chemical ligands or aptamers), therapeutic molecules [short interfering RNA (siRNA) or anti-micro RNA (anti-miRNA)], catalytic ribozymes [e.g. anti-hepatitis B virus hammerhead (anti-HBV) ribozyme], chemotherapeutic drugs (e.g. doxorubicin), and imaging probes (fluorophores or radionuclide). The general strategies for the multifunctionalization of RNA nanoparticles include both covalent and non-covalent methods, such as 5 0 -or 3 0 -end extensions, hybridization, and chemical conjugation or labeling. The rigidity of the pRNA-3WJ scaffold allows all incorporated modules to be spaced apart from each other, retaining their authentic folding and independent functionalities [62] . Recently, the integration of multiple functional modules into one nanoparticle has been used for the treatments of various cancer models [16, [23] [24] [25] [26] [27] [28] 63, 64] . The following subsections will focus on the well-established methods for design, incorporation and construction of pRNA-3WJ nanoparticles with different functional modules.
pRNA-3WJ conjugated with chemical ligands for specific tumor targeting
Chemical ligands such as folate can be conjugated to pRNA-3WJ nanoparticles for specific cancer targeting [16, 23, 27, 64] . Folate receptors are highly overexpressed on $40% of tumor types, but show only limited expression in healthy organs and tissues [65] . This makes the folate ligand-receptor pair an efficient strategy for targeted drug delivery. Recent studies have shown that the folate-conjugated pRNA-3WJ nanoparticle can specifically bind to cancer cells in vivo, including glioblastoma [27] , gastric cancer [23] and colorectal cancer metastasis in the liver, lungs and lymph node [64] , with little or no accumulation in vital organs and tissues. The most common chemical strategies for the conjugation of folate to synthetic RNA can be summarized into two following categories.
Labeling RNA with folate using AMP or GMP derivatives during in vitro transcription
AMP and GMP derivatives refer to the chemically-modified adenosine monophosphate and guanosine monophosphate with reactive groups, respectively. A variety of AMP and GMP derivatives have been synthesized by using linker molecules through wellestablished chemistry [66] [67] [68] . These AMP or GMP derivatives can be used for single labeling of chemical ligands at the 5 0 -end of RNA because they are efficient initiators of T7 RNA transcription but cannot be used in the chain elongation step. By utilizing the AMP or GMP derivatives, RNA strands can be efficiently labeled with folate by a co-transcription procedure. A well-studied folate labeling procedure was performed by adding a AMPhexanediamine (HDA)-folate derivative together with normal ribonucleoside triphosphates (rNTPs) during the in vitro RNA transcription [66] . Specifically, an AMP-HDA derivative is firstly synthesized through the direct coupling of HDA to AMP in the presence of condensing reagent N-ethyl-N'-(3-dimethylaminopro pyl) carbodiimide hydrochloride (EDC). On the other hand, folate molecules can be modified into folate-NHS ester derivative in the presence of N,N'-dicyclohexylcarbodiimide (DCC), NHS, and triethylamine (TEA) in dimethylsulfoxide (DMSO). Next, coupling folate-NHS ester with the free amino group of AMP-HDA results in the AMP-HDA-folate derivative product (Fig. 4A ). To ensure a high yield of RNA production as well as folate labeling efficiency, an excess amount of AMP-HDA-folate should be used, compared to normal ATP. A 16:1 ratio of AMP-HDA-folate to ATP was reported to be the best ratio for this co-transcriptional folate labeling method [66] .
Labeling RNA with folate by chemical conjugations of folate derivatives
Besides the co-transcriptional method, RNA can be labeled with folate via a wide range of chemical conjugations. These chemical conjugation strategies require that both the RNA and folate molecule are modified with a pair of reactive groups. For RNA, the reactive groups are more favorably attached at the 5 0 -or 3 0 -ends to avoid interfering the base pairing. The well-established reaction chemistry includes (Fig. 4B ): 1) Reaction of a NHS ester, an activated carboxylic group, on the folate derivative with a free -NH 2 on the RNA strand. This reaction can yield a stable amide linkage under slightly alkaline conditions (pH 7.2 to 9); 2) Click reaction of an alkyne-or azide-modified folate derivative with an azide-or alkyne-labeled RNA strand, respectively. The copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction is an outstanding reaction for folate labeling of RNA due to its high reaction efficiency, mild reaction conditions, and high compatibility with other functional groups; 3) Reaction of a maleimide group on the folate derivative with a free -SH group labeled on the RNA strand. This reaction occurs under the pH 6.5-7.5, and results in a nonreversible stable thioether linkage. It should be noticed that all the folate derivatives above are commercially available. The RNA strands labeled with functional groups at the 5 0 -or 3 0 -end can be either chemically synthesized using the modified phosphoramidite derivatives, or directly purchased commercially (see Section 2.4). After the chemical conjugations, the RNA-folate product should be purified by reverse phase HPLC or PAGE to remove unreacted molecules prior to the nanoparticle assembly.
pRNA-3WJ incorporated with aptamers for specific tumor targeting
RNA aptamers are RNA oligonucleotides selected via the systematic evolution of ligands by exponential enrichment (SELEX) to bind targets with high affinity and selectivity, similar to an antibody binding to an antigen. Many RNA aptamers have been extensively applied to cancer targeting, diagnosis, and therapeutics [69, 70] . Here, this section will not focus on the generation of aptamers by SELEX technology, but the methods for incorporating welldeveloped aptamers to pRNA-3WJ scaffold. The first step is to determine a suitable aptamer for the specific objective. The sequence of aptamers can be rationally linked to the 5 0 -or 3 0 -end of one helical arm of 3WJ. For example, a 39-nt epidermal growth factor receptor aptamer (EGFR apt ) was incorporated to the pRNA-3WJ scaffold for efficient tumor targeting in the triple negative breast cancer model (Fig. 5A) [24] . The EGFR aptamer was directly extended from the 3 0 -end of 2 0 -F 3WJ-b, resulting in a 59-nt 2 0 -F EGFR apt -displaying 3WJ-b strand. This strand can be synthesized by either in vitro 2 0 -F RNA transcription, or solid-phase chemical synthesis (see Section 2), and mixed with 2 0 -F 3WJ-a and 2 0 -F 3WJ-c at equal molar concentration to assemble the 2 0 -F 3WJ-EGFR apt nanoparticle. Instead of being extended from one strand of 3WJ, RNA aptamers can also be inserted between two strands of 3WJ to obtain a higher cell binding efficiency. For example, a 43-nt anti-prostate-specific membrane antigen A9g aptamer (PSMA apt ) was used to connect 3WJ-a and 3WJ-c, and specifically targeted prostate cancer after the assembly of 2 0 -F 3WJ-PSMA apt (Fig. 5B) [25] . These aptamers retained their authentic folding and specific cell binding activities after incorporation to 3WJ. Typically, their in vitro and in vivo specific cancer cell binding capacity can be evaluated by flow cytometry analysis, confocal microscopy imaging, and in vivo biodistribution study.
In vitro evaluation of cell binding function of pRNA-3WJ incorporated with targeting ligands
After the construction of pRNA-3WJ with targeting ligands (folate or aptamers), their specific cell binding function should be evaluated in vitro prior to animal trials. The most common approaches include flow cytometry analysis and confocal microscopy imaging. In these cases, the RNA nanoparticles must be additionally labeled with fluorophores for detection and imaging (see Section 4.8). The types of cell line vary according to the specific incorporated ligand or aptamer that recognizes the specific cellsurface marker. To evaluate the cell binding efficiency by flow cytometry, a standard procedure will be: (iii) Add fluorophore-labeled RNA nanoparticles incorporated with targeting ligand to cell suspension at a final concentration of 50-100 nM, and incubate at 37°C for 1-2 h. A typical control group will be a fluorophore-labeled RNA nanoparticle without targeting ligand. (iv) Rinse the cells twice with PBS buffer to remove free RNA nanoparticles, resuspend the cells and assay them by flow cytometer.
As an alternative, a standard confocal microscopy experiment for RNA nanoparticles will be: laser-scanning confocal microscope.
In vivo biodistribution study of pRNA-3WJ incorporated with targeting ligands
Apart from in vitro cell binding experiments, the tumor targeting of pRNA-3WJ incorporated with folate or aptamers should be further evaluated by in vivo biodistribution. It should be noted that mice must be on a folate-deficient diet to avoid the competitive binding from free folate molecules, if folate is used as the targeting ligand. All RNA nanoparticles are recommended to be 2 0 -F modified to increase their enzymatic stability in vivo. A far-red or near-IR dye, such as Alexa 647, will be preferred for biodistribution imaging of RNA nanoparticles due to their better fluorescent signal penetration and low background noise. Tumor model varies depending on the types of incorporated targeting ligands. A detailed procedure is described below. sacrifice the mice by CO 2 asphyxiation followed by cervical dislocation. Major organs including heart, lung, spleen, liver, and kidney as well as tumor are collected and subjected for fluorescence imaging using the IVIS Spectrum Station.
pRNA-3WJ harboring siRNA for tumor regression and gene knockdown
RNA interference (RNAi) is an important post-transcriptional method of gene regulation in many living organisms [71, 72] . A previous protocol offers a well-established method for the design and assembly of siRNA-functionalized RNA nanoring and RNA nanocube [40] . Here, we mainly introduce the fast and simple method to construct siRNA-functionalized pRNA-3WJ nanoparticles for specific targeted delivery and tumor regression. Due to the same chemical nature, a typical 21-25 bp siRNA can be readily incorporated into pRNA-3WJ nanoparticles. The primary siRNA sense sequence can be extended from the 5 0 -or 3 0 -end of 3WJ, while the antisense strand is fused to sense strand by complementary base pairing. To ensure the subsequent Dicer processing, the siRNA can be spaced apart from the helical region of 3WJ by the introduction of a -UU-or -AA-bulge between these two modules, and the 2-nt overhang at 3 0 -end of the siRNA must be retained for Dicer recognition. It is important to note that the antisense strands are generally retained unmodified to avoid compromising the active silencing potency. It has been demonstrated that the incorporation of siRNA to pRNA-3WJ nanoparticles didn't affect the authentic folding and activities of the individual units [12, 62] . A typical example is the incorporation of BRCAA1 siRNA to pRNA-3WJ for gastric cancer regression (Fig. 5C) [23] . The BRCAA1 sense strand was linked to the 5 0 -end of 2 0 -F 3WJ-b. The entire nanoparticle was designed to be constructed from four ssRNA fragments, including folate-displaying 2 0 -F 3WJ-a, BRCAA1-harboring 2 0 -F 3WJ-b sense strand, 2 0 -F 3WJ-c, and BRCAA1 antisense strand. This nanoparticle actively targeted gastric cancer and showed a significant inhibitory effect on gastric tumor growth in vivo. Another example is the incorporation of luciferase siRNA to pRNA-3WJ (Fig. 5D) [27] . Different from the previous design, the luciferase siRNA sense strand was linked at the 3 0 -end of 2 0 -F 3WJ-a. After the construction, 2 0 -F 3WJ nanoparticles harboring luciferase siRNA efficiently targeted human patient-derived glioblastoma stem cells and knocked down luciferase reporter gene expression. By incorporating siRNA to pRNA-3WJ platform, the specific tumor targeting strategy can potentially overcome the obstacles for siRNA therapeutics, such as improve the in vivo stability and half-life of the siRNA, prevent undesirable side effects, and increase the silencing potency of a given dose.
pRNA-3WJ harboring anti-miRNA for tumor regression
MiRNAs are another important part of RNAi therapeutics [73] . Typically, mature miRNAs are naturally-occurring small noncoding RNA molecules composed of around 22 nucleotides. They can regulate target genes by inhibiting the translation of specific mRNA or degrading the mRNA. Therefore, miRNAs play important roles in the regulation of cell cycle, differentiation, metabolism, apoptosis, oncogenesis, and tumor growth. In recent years, anti-miRNAs have been developed as therapeutics for tumor regression [74] . Similar to siRNA, small miRNA or anti-miRNA can be incorporated to the 5 0 -or 3 0 -end of pRNA-3WJ for targeted delivery. For example, a recent study showed that the specific delivery of anti-miRNA-21 by pRNA-3WJ to triple negative breast cancer can successfully achieve tumor regression (Fig. 5A) [24] . The anti-miRNA-21 used in this study was an 8-nt LNA sequence (5 0 -GATAAGCT-3 0 ) that is complementary to the oncogenic miRNA-21 seed region. The LNA modification significantly improves the binding affinity and specificity. To incorporate anti-miRNA-21 to the pRNA-3WJ, the antimiRNA-21 was linked to a 25-nt DNA sequence which can be hybridized to 2 0 -F 3WJ-a with a 25-nt extended complementary sequence, leaving the 8-nt LNA as an overhang for miRNA targeting. The synthesis of this anti-miRNA-21 LNA strand can be readily accomplished by solid-phase chemical synthesis using LNA phosphoramidites (see Section 2.4), or directly purchased commercially. Next, the 2 0 -F 3WJ harboring anti-miRNA-21 can be assembled from four fragments, using the same bottom-up selfassembly procedure as described above. Besides breast cancer, 3WJ nanoparticles harboring anti-miRNA-21 were also used for the treatment of glioblastoma and prostate cancer in animal models, and showed enhanced anti-tumor effect (Fig. 5B) [25, 75] .
pRNA-3WJ incorporated with ribozyme for catalytic functioning
Ribozymes are a class of RNA molecules with enzymatic activity similar to proteins [76, 77] . These catalytic RNAs possess significant therapeutic potential because they can regulate protein translation, RNA splicing process, and viral replication. Like RNA aptamers, siRNA, and miRNA, ribozymes are another important functional module that can be readily incorporated to pRNA-3WJ nanoparticles. For example, the anti-HBV ribozyme is a RNA enzyme that cleaves the genomic RNA of HBV genome [12] . It was incorporated to a pRNA-3WJ scaffold by joining it to the helical region of 3WJ-a/3WJ-b branch (Fig. 6A) . The 3WJ-a/b harboring anti-HBV ribozyme sequence can be synthesized by in vitro RNA transcription (see Section 2), followed by mixing with 3WJ-c to form the 3WJ nanoparticle harboring anti-HBV ribozyme. After the construction, the original catalytic activity of the anti-HBV ribozyme was confirmed by its ability to cleave its 135-nt RNA genome substrates into two small fragments of 60-nt and 75-nt, respectively [12] .
pRNA-3WJ intercalated with doxorubicin
Traditional chemotherapy still plays an essential role in cancer treatment. However, routine systemic administration of small chemotherapeutic drugs always requires a high dose to achieve therapeutic effects, leading to non-desirable side effects and nonspecific toxicity. RNA nanotechnology shows great potential in overcoming the challenges of traditional chemotherapy, by lowering off-target effects, enhancing circulation time, lowering injection dose, and improving drug efficacy. Anti-cancer drugs such as doxorubicin (Dox) have been incorporated to pRNA-3WJ nanoparticles for targeted delivery to ovarian cancer [28] . To intercalate Dox within pRNA-3WJ, a 26-bp GC rich sequence was extended from the 3WJ-b/3WJ-c helical branch to serve as a drug-loading region (Fig. 6B) . By gently mixing Dox with pRNA-3WJ in intercalation buffer (0.1 M sodium acetate, 0.05 M NaCl, 0.01 M MgCl 2 ) at RT for 1 h, the planar Dox will preferentially intercalate between neighboring GC base pairs within the RNA helix. Excess Dox can be readily removed from the reaction mixture by passing it through a Sephadex G50 spin column. After the conjugation, the drug loading efficiency can be determined by measuring the fluorescence intensity of dox with a fluorescence spectrophotometer. The non-covalent intercalation allows Dox to be released over time during cancer treatment. The incorporation of Dox to pRNA-3WJ has the potential to enhance its therapeutic efficiency at low doses through targeted drug delivery for cancer treatment. Fig. 4B ), solid-phase chemical synthesis using fluorophores-modified phosphoramidites (see Section 2.4), and directly purchase from commercial vendors. It is strongly recommended to purify the fluorescently labeled RNA strand from unlabeled RNA and excess fluorophores by reverse phase HPLC. After the pRNA-3WJ assembly, the fluorescent pRNA-3WJ nanoparticles, functionalized with targeting groups, can be used for in vivo imaging and detection (Fig. 5) [16, 64, 78] .
Challenges and perspectives
RNA nanotechnology is an innovative and novel platform and its rapid progress in recent years has rendered tremendous potential for the treatment of various diseases, especially cancer treatments. The construction of functional RNA nanoparticles has been well-established, but the following challenges need to be addressed to facilitate the field toward clinic and industry: 1) Accurate prediction of the global folding of RNA structures and assembly of RNA nanoparticles continues to be challenging. The computational modeling of RNA nanoparticle construction requires the understanding of both thermodynamic and kinetic aspects of RNA folding. Although some user friendly RNA computation resources are available online, such as Mfold [79] , RNA designer [80] , Sfold [81] , NUPACK [82] , Nanofolder [20] , and Hyperfold [83] , the development of RNA structural computation is still at the early stage.
2) The drug loading capacity and controlled drug release of pRNA-3WJ needs to be improved. The branched feature enables the pRNA-3WJ scaffold to carry multiple functional modules or small therapeutic agents; however, the amount of payload is still limited. Different solutions have been developed, such as the construction of RNA dendrimers and RNA nanocages [59] [60] [61] . Nevertheless, some important issues, such as the capacity of drug loading, effective strategies for controlled drug release, await improvement.
3) The knowledge of intracellular processing and endosomal escape of RNA nanoparticles is still restricted. After incorporation of targeting ligands, pRNA-3WJ nanoparticles can enter cells by receptor-mediated endocytosis. However, it is possible that the RNA nanoparticles are transferred to and trapped in the late endosomes, causing them to fail to reach their targets, especially for siRNA delivery. Some methods have been reported to assist endosome escape. For example, the use of pH-responsive chemical groups, such as acetal, hydrazone, and maleic acid amides, or acid protonating groups like imidazole, sulfonamide can help disrupt the endosome by proton sponge effects [84, 85] . More studies are needed to apply these methods to the RNA nanoparticle platform. 4) The large-scale production and high cost issue of RNA nanoparticles remain one of the bottlenecks for their usefulness in clinical and industrial applications. Nevertheless, significant progress has been made to improve the chemical synthesis efficiency of RNA and the availability of chemical modifications. Furthermore, the rapid development of RNA production facilities and technologies are expected to decrease the cost of RNA nanoparticle production in the future.
Concluding remarks
The field of RNA nanotechnology has achieved many exciting developments in recent years, especially its application in targeted cancer therapy. The 3WJ motif derived from phi29 pRNA provides an ideal platform for constructing multifunctional RNA nanoparticles. By incorporating different functional modules to the branched region of 3WJ, RNA nanoparticles can be constructed via a bottomup self-assembly approach with controllable structures, defined sizes, precise stoichiometries, and polyvalent functionalities. These RNA nanoparticles will play a significant role in biomedical sciences. This article covers the fundamental methods for the design, construction and characterization of both simple and sophisticated pRNA-3WJ nanoparticles. The methods discussed above are expected to help readers understand this field better and be used in their own research. 
